Two NADPH-dependent a-keto ester reductases (Streptomyces thermocyaneoviolaceus keto ester reductase, STKER-II and -III) were puriˆed from S. thermocyaneoviolaceus IFO 14271, one of thermophilic actinomycetes. The molecular masses of native STKER-II and -III were estimated to be 60 kDa and 70 kDa by gel ltration chromatography, respectively. These enzymes were both homodimers, with 29-kDa and 30-kDa subunit molecular masses based on SDS polyacrylamide gel electrophoresis. STKER-II and -III were stable from pH 7.0 to 10.0 and pH 5.5 to 9.0, respectively. Ethyl 3-methyl-2-oxobutanoate was reduced by both enzymes isolated to the corresponding (R)-hydroxy ester with excellent enantiomeric excess. STKER-III showed high stereoselectivity for the reduction of bulky substrates, while the selectivity of the STKER-II-catalyzed reduction was low except for ethyl 3-methyl-2-hydroxybutanoate. Both enzymes had small K m values toward aliphatic keto esters having a long alkyl chain.
Biotransformations of exogenous substrates have been widely studied to synthesize chiral compounds. [1] [2] [3] [4] [5] [6] The microbial reduction enables preparation of optically pure alcohols and helps to lessen the environmental impact of organic syntheses. For example, the asymmetric reduction of keto esters by bakers' yeast has been widely used to obtain chiral compounds, because the produced hydroxy esters are useful chiral building blocks for the synthesis of natural and bioactive compounds. [7] [8] [9] Furthermore, several yeast keto ester reductases (YKERs) were isolated from bakers' yeast and their enzymatic properties studied including the speciˆc activity, stereoselectivity, and kinetic parameters. [10] [11] [12] [13] [14] Other microorganisms such as Thermoanaerobactor brockii, 15) Geotrichum candidum, 16, 17) and Klebsiella pneumoniae 18) that can also catalyze the asymmetric reduction of keto esters are also used for the preparation of chiral hydroxy esters. However, little information is known from mechanistic studies of enzymatic reduction by their microorganisms. 13, 14, 19, 20) To date, we have studied the microbial reduction of some a-and b-keto esters with thermophilic Bacillus strains, actinomycetes, and micro algae and have reported that some of their strains could reduce keto esters with high conversion and excellent enantiomeric excess (e.e.). [21] [22] [23] [24] [25] In particular, we found that the stereoselectivity of a-keto ester reduction using a thermophilic actinomycete, S. thermocyaneoviolaceus IFO 14271, changed with alterations in the reaction conditions such as reaction temperature, substrate concentration, and introduction of additives. 23) For example, ethyl 3-methyl-2-oxobutanoate was reduced by S. thermocyaneoviolaceus to the corresponding (R )-hydroxy ester with high e.e. at 379 C, while the reduction at 559 C produced the corresponding (S )-hydroxy ester. In order to elucidate the reaction mechanism, we tried to isolate a-keto ester-reducing enzymes from a cell-free extract of S. thermocyaneoviolaceus IFO 14271; consequently, one enzyme (STKER-I) was puriˆed and characterized. The enzyme reduced various a-keto esters to the corresponding (S )-hydroxy ester with excellent e.e. 26) However, (R)-hydroxy ester-producing enzyme(s) were still not isolated from the cells.
We would like to report here the puriˆcation and characterization of new two a-keto ester reductases from S. thermocyaneoviolaceus IFO 14271. We will also discuss the reaction mechanism in the actinomycete cells on the basis of enzyme properties.
Materials and Methods
Chemicals. p-ABSF (4-(2-aminoethyl)benzenesul-fonate ‰uoride) and ethyl pyruvate were purchased from Wako Pure Chemicals, Japan. Ethyl 3-methyl-2-oxobutanoate was obtained from Aldrich Chemicals, USA. Methyl benzoylformate and ethyl benzoylformate were purchased from Tokyo Kasei Kogyo, Japan. Other a-keto esters were synthesized according to methods from the literature. 27 ) DTT (dithiothreitol) and Bis-tris propane (1,3-bis[tris (hydroxymethyl)methylamino]propane) were obtained from Nacalai Tesque, Japan. NADPH and NADH were obtained from Kohjin, Japan. EDTA (ethylenediaminetetraacetic acid) and MES (2-( Nmorpholino)ethanesulfonic acid) were purchased from Dojindo Laboratories, Japan. Extrelut was purchased from Merck, Germany. All other chemicals used in this study were of analytical grade and commercially available.
Microorganism and cultivation. S. thermocyaneoviolaceus IFO 14271 was purchased from the IFO (Institute for Fermentation, Osaka) culture collection, Japan. The actinomycete was cultivated aerobically at 459 C for 15 h. The cells were harvested byˆltration in vacuo and washed with saline as described previously. 26) Enzyme assay. The reducing activity of each reductase (STKER-II and -III) was measured spectrophotometrically using ethyl 2-oxoheptanoate as the substrate (ˆnal concentration was 4.0 mM and 2.0 mM, respectively). The standard assay mixture (1.0 ml) comprised 0.1 M potassium phosphate buŠer (KPB) (pH 6.5), 0.15 mM NADPH, substrate solution, and enzyme solution. The consumption of reduced coenzyme was followed with a Beckman DU-640 spectrophotometer at 340 nm at 379 C. One unit of the enzyme activity was deˆned as the amount of enzyme catalyzing the oxidation of 1 mmol NADPH W min under the conditions speciˆed.
Protein assay. The protein content was measured by the method of Bradford, 28) calibrated with g-lactoglobulin as a standard (Bio-Rad Protein Assay Kit).
Enzyme puriˆcation. All puriˆcation procedures were done below 49 C unless otherwise speciˆed. BuŠer-A: 20 mM potassium phosphate buŠer containing 1 mM DTT, 1 mM EDTA, and 10z glycerol (pH 7.2). BuŠer-B: BuŠer-A containing 1.3 M ammonium sulfate (pH 7.2). BuŠer-C: BuŠer-A containing 0.2 M KCl (pH 7.2).
Preparation of the cell-free extract. The cells were ground under cooled acetone (below "309 C) and ltered in vacuo (for preparing acetone-powder of the cells). Fifty-eight grams of the powdered cells were suspended in 550 ml of BuŠer-A. This suspension was cooled at 09 C, then sonicated with 15 pulses of 120 sec each with 300-sec cooling intervals in a Sonicator (Ohtake Works, Japan),ˆtted with a microtip at a power setting of 70 W. At theˆrst interval, p-ABSF was added as a protease inhibitor (thê nal concentration was 0.5 mM). Cell debris in the homogenate was removed by centrifugation at 10,000 ×g for 30 min at 49 C, and the supernatant served as the crude cell-free extract.
Puriˆcation of STKER-II.
Step 1. DEAE-Toyopearl chromatography. The cell-free extract (176 ml) was applied to a DEAEToyopearl 650 M (TOSOH, Japan) column (q 7.0× 8.5 cm) previously equilibrated with BuŠer-A. After the column was washed with BuŠer-A (600 ml), the protein was eluted with a 0 to 0.3 M increasing linear gradient of KCl in BuŠer-A (800 ml). The fractions containing the enzyme activity (eluted at about 0.2 M KCl) were pooled.
Step 2. AF-Red-Toyopearl column chromatography. The above enzyme solution (236 ml) without concentration or a desalting procedure was applied to a AF-Red-Toyopearl 650 ML (TOSOH, Japan) column (q 3.2×3.0 cm) equilibrated with BuŠer-A. After washing with BuŠer-A, the protein was eluted with a 0 to 3.0 M increasing linear gradient of KCl in BuŠer-A (200 ml). All fractions containing activity (eluted about 1.5 M) were collected (90 ml), concentrated to 21 ml using a Stirred Cells Model 8400 (Amicon Grace, Japan) with an ultraˆltration membrane YM 10 (Dia‰o, cutoŠ MW 10,000), and dialyzed overnight against BuŠer-A.
Step 3. POROS HS column chromatography. The dialyzate solution was applied to a POROS HS (Applied Biosystems, USA) column (q 2.0×1.6 cm) equilibrated with BuŠer-A. After the column was washed with BuŠer-A, the protein was eluted with a 0.1 to 0.3 M increasing linear gradient of KCl in BuŠer-A (150 ml). All fractions containing activity (eluted between 0.2 and 0.25 M) were collected (16 ml), concentrated to 9.8 ml by a Stirred Cells Model 8050 (Amicon Grace, Japan) equipped with an ultraˆltration membrane YM 10, and dialyzed overnight against BuŠer-A.
Step 4. Mono Q HR10 W 10 column chromatography. The enzyme solution was applied to a Mono Q HR10 W 10 (Amersham Pharmacia Biotech, Sweden) column equilibrated with BuŠer-A (‰ow rate was 1.5 ml W min). The protein was eluted with a 0.2 to 0.4 M increasing linear gradient of KCl in BuŠer-A. The fractions containing the reducing activity (3.0 ml) were collected and concentrated to 0.5 ml by a Centricon-30 (cutoŠ MW 30,000, Amicon Grace, Japan).
Step 5. Asahipack GS 520 column chromatography. The concentrated enzyme solution was applied to an Asahipack GS 520 (Showa Denko, Japan) gelˆltration column (q 7.6×300 mm) equilibrated with BuŠer-C (‰ow rate was 0.7 ml W min). The active fraction was pooled and used as the puriˆed enzyme for characterization.
Puriˆcation of STKER-III.
Step 1. DEAE-Toyopearl chromatography. The cell-free extract (252 ml) was applied to a DEAEToyopearl 650 M column (q 7.0×6.0 cm) previously equilibrated with BuŠer-A. After the column was washed with BuŠer-A (600 ml), the protein was eluted with a 0 to 0.2 M increasing linear gradient of KCl in BuŠer-A (600 ml). All fractions containing the reducing activity (eluted at about 0.1 M KCl) were collected (168 ml) and concentrated to 53 ml by a Stirred Cells Model 8400 equipped with an ultraˆltra-tion membrane YM 10.
Step 2. AF-Red-Toyopearl column chromatography. The concentrated solution was applied to a AF-Red-Toyopearl 650 ML column (q 3.2×3.0 cm) equilibrated with BuŠer-A, and another portion of BuŠer-A was then allowed to ‰ow into the column. The void fraction (not adsorbed) was collected and pooled (68 ml).
Step 3. Butyl-Toyopearl column chromatography. To the above enzyme solution was added 11.9 g of ammonium sulfate powder (adjusted pH 7.2 with NH3 aq.), and then the mixture was stirred for 2 h at 09 C. The mixture was put on a Butyl-Toyopearl 650 M (q 4.0×6.0 cm) column equilibrated with BuŠer-B. The column was washed with BuŠer-B, and the protein was eluted with a 1.3 to 0 M (240 ml) decreasing linear gradient of (NH4)2SO4. The active fractions (eluted at about 0.3 M) were collected (43 ml), concentrated to 10 ml by a Stirred Cells Model 8050 equipped with an ultraˆltration membrane YM 10, and dialyzed overnight against BuŠer-A.
Step 4. Mono Q HR10 W 10 column chromatography. The dialyzate solution was applied to a Mono Q HR10 W 10 column equilibrated with BuŠer-A (‰ow rate was 2.0 ml W min). The protein was eluted with a 0 to 0.2 M increasing linear gradient of KCl in BuŠer-A. The active fraction (eluted at about 0.13 M) was collected (5.2 ml) and concentrated to 0.6 ml by a Centricon-30.
Step 5. Superdex 200 HR10 W 30 column chromatography. The enzyme solution was applied to a Superdex 200 HR 10 W 30 (Amersham Pharmacia Biotech, Sweden) gelˆltration column (q 1.0×30 cm) equilibrated with BuŠer-C (‰ow rate was 0.7 ml W min). The active fraction was pooled and used as the puriˆed enzyme for characterization.
Determination of molecular mass of enzyme. The molecular masses of the native STKER-II and -III were estimated by high performance liquid column chromatography (HPLC) analysis with Asahipack GS 520 (q 7.6×300 mm) and Superdex 200 HR 10 W 30 columns, respectively, with a standard molecular marker (Oriental Yeast, Japan) with BuŠer-C. The molecular mass of the subunit was estimated by SDSpoly acrylamide gel erectrophoresis (12.5z) with SDS-PAGE marker (Bio-Rad, USA) as the standard. 29) Measurement of kinetic parameters. The Km and Vmax of the puriˆed enzymes toward various a-keto esters and NADPH were calculated from the initial rates of the reaction in an appropriate range of substrate concentrations using at leastˆve points by Lineweaver-Burk plots.
30)
Measurement of the eŠects of pH. The optimum pH of the enzyme (relative activity) was measured at various pHs in the following buŠers: pH 5.5 to 7.5, 0.1 M KPB; pH 7.5 to 9.0, 0.1 M Tris-HCl buŠer; pH 5.5 to 7.0, 0.1 M Citrate-K2HPO4 and 0.1 M MES buŠer; pH 6.0 to 7.5, 0.1 M Bis-tris propane buŠer. The relative activity was calculated by arbitrarily setting the activity at pH 6.0 to be 100. The pH stability of the enzyme (residual activity) was measured at 379 C in 0.1 M KPB (pH 6.5) after incubation for 10 min in the following buŠers: pH 5.0 to 7.5, 0.1 M KPB; pH 8.0 to 8.5, 0.1 M Tris-HCl buŠer; pH 9.0 to 11.0, 0.1 M glycine-KOH buŠer. The residual activity was calculated by setting the activity without incubation to be 100.
EŠects of additives. The enzyme (residual) activity was measured in 0.1 M KPB (pH 6.5) at 379 C after a 5-min incubation in the buŠer in the presence of each additive (metal ion, chelator, sulfhydryl reagent, or arginine-speciˆc reagent). The residual activity was calculated by arbitrarily setting the activity in the absence of any additives to be 100.
Enzymatic reduction of a-keto esters. In a polypropylene tube were placed the puriˆed enzyme solution (1.0 unit), NADPH (10 mmol), the substrate (10 mmol), and 0.1 M KPB (pH 7.0, 0.5 ml). The mixture was shaken gently at 379 C. After 2 h, the mixture wasˆltered by an Extrelut short column, extracted with ether, and then concentrated under reduced pressure.
Stereochemistry of the products. The enantiomeric excesses of ethyl lactate, ethyl 2-hydroxy butanoate, ethyl 2-hydroxy pentanoate, ethyl 2-hydroxy hexano- 
-hydroxy heptanoate, ethyl mandelate, and methyl mandelate were determined by GLC (GL Science GC-353 gas chromatograph) analyses (Chirasil-DEX CB, Chrompack, Netherlands, 0.25 mm×25 m, 85 to 1309 C), and that of ethyl 2-hydroxy-3-methylbutanoate was also measured by GLC analysis (Chiraldex G-TA, Astec, USA, 0.25 mm×25 m, 959 C). The absolute conˆguration of the isomer was identiˆed by comparing its retention time with those of authentic samples prepared according to the method in the literature.
27)
N-Terminal amino acid sequence analysis. The Nterminal amino acid sequence was analyzed on a model 476A pulsed liquid protein sequencer (Applied Biosystems, USA) with an on-line phenylthiohydantoin amino acid analyzer.
31) The N-terminal sequences obtained were compared with those of proteins stored in protein sequence databases (GenBank, EMBL, PIR, and SWISS-PROT) using the sequence similarity search programs, BLAST and FASTA. 32, 33) 
Results and Discussion
Puriˆcation of STKER-II and STKER-III Two a-keto ester reductases, STKER-II and -III, were puriˆed viaˆve chromatographic steps from a cell-free extract of S. thermocyaneoviolaceus IFO 14271 to homogeneity with a 8.2z and 1.4z overall recovery, respectively. The puriˆcation of STKER-II and -III is summarized in Tables 1 and 2 . Each of the puriˆed enzymes gave a single band on SDS-PAGE (Fig. 1) . The speciˆc activity of STKER-II was 1150 units W mg with 4.0 mM ethyl 2-oxoheptanoate, and that of STKER-III was 208 units W mg with 2.0 mM ethyl 2-oxoheptanoate.
Molecular mass and subunit structure
The relative molecular masses of the native STKER-II and -III were estimated to be 60 kDa and 70 kDa, respectively, by gelˆltration column chromatography. The molecular masses of the subunit were also estimated to be 29 kDa and 30 kDa, respectively, by SDS-PAGE (12.5z). Two a-keto ester reductases puriˆed in this study had a similar size (molecular mass of the native and the subunit); furthermore, the size of the two enzymes was similar to that of STKER-I from the same actinomycete.
26)

Substrate speciˆcity
The relative activities of the puriˆed enzymes toward various keto esters and other carbonyl compounds were examined spectrophotometrically. These results are summarized in Table 3 . STKER-II had greater activity toward aliphatic a-keto esters having a long alkyl chain such as 2-oxohexanoate and 2-oxoheptanoate, while the activity for smaller substrates such as ethyl pyruvate and methyl pyruvate was low. STKER-III showed high activity not only for aliphatic substrates but also for aromatic substrates. STKER-II had the reducing acitivity for ethyl 4-chloroacetoacetate in b-keto esters we tested. STKER-III also had activities toward some b-keto esters (ethyl 2-chloroacetoacetate, ethyl 2-allylacetoacetate, ethyl 4-chloroacetoacetate, methyl acetoacetate, ethyl acetoacetate, ethyl 2-methyl acetoacetate, and ethyl benzoylacetate) slightly. The reducing activities by STKER-II and -III for other substrates, such as benzyl acetoacetate, 1-acetoxy-2-propanone, 1-methoxy-2-propanone, acetophenone, propiophenone, 2?,3?,4?,5?,6?-penta‰uoroacetophe-none, and (-)-menthone were not observed. Both enzymes showed reducing activity toward neither aketo acids such as pyruvic acid, 3-methyl-2-oxobutanoic acid, and mandelic acid nor p-nitrobenzaldehyde, a typical substrate for aldo-keto reductases. These enzymes were highly speciˆc for NADPH as a sole coenzyme. The oxidation activity for ethyl lactate and ethyl 2-hydroxy-3-methyl butanoate was not found for either enzyme.
Stereospeciˆcity
The reduction of a-keto esters by the puriˆed enzymes was carried out to clarify the stereochemistry of the products, as shown in Table 4 . The enantioselectivity of the reduction by STKER-II was not as precise (from 46z e.e. (S ) to 40z e.e. (R)) except for ethyl 3-methyl-2-oxobutanoate (À99z e.e. (R)) and ethyl 2-oxobutanoate (86z e.e. (R)). STKER-III reduced a-keto esters having a long alkyl chain, an isopropyl or a phenyl group to the corresponding (R)-hydroxy esters with excellent e.e. (such as ethyl 2-oxoheptanoate, ethyl 3-methyl-2-oxobutanoate, ethyl benzoylformate, and methyl benzoylformate), while the selectivity for ethyl pyruvate and 2-oxobutanoate was low (14z and 38z e.e., respectively) and gave the (S )-hydroxy esters.
Kinetic parameters
The kinetic constants (Km and Vmax) for aliphatic and aromatic a-keto esters were calculated by Lineweaver-Burk plots as shown in Table 5 . The Km of STKER-II toward ethyl pyruvate, ethyl 2-oxobutanoate, ethyl 2-oxopentanoate, ethyl 2-oxohexanoate, and ethyl 2-oxoheptanoate were 32.1, 21.6, 4.48, 2.45, and 0.831 mM, respectively. As the alkyl chain in the substrate molecule became longer, the corresponding Km of STKER-II was decreased. On the contrary, the Vmax tended to become larger with extension of the substituent. Thus, STKER-II prefers substrates having a long alkyl chain. 
The puriˆed enzyme solution (1.0 unit), NADPH (10 mmol), substrate (10 mmol), and 0.1 M potassium phosphate buŠer (pH 7.0, 0.5 ml) were incubated for 2 h at 379 C. b Enanitiomeric excesses and conˆguration were measured by GLC analysis with optically active capillary columns. 593 a-Keto Ester Reductases from Thermophilic Actinomycete STKER-III showed strong reducing ability for aromatic a-keto esters. The Vmax W Km for ethyl benzoylformate was larger than those of STKER-I (1.41 mmol W min W mg W mM) and -II in the actinomycete cells. These results suggest that STKER-III contributes mainly to reduction of ethyl benzoylformate to give the corresponding (R)-a-hydroxy ester in actinomycete cells.
Optimum pH and pH stability
The eŠects of pH on the enzyme activity were examined as shown in Fig. 2 . Both of the two puriˆed enzymes showed maximum activity about pH 6.0-6.5 Fig. 3 . Thermostability of the Puriˆed Enzymes.
The stability of the enzyme activity (residual activity) was measured in 0.1 M potassium phosphate buŠer (pH 6.5) at 379 C after incubation at 379 C or 459 C in BuŠer-A. After the incubation, the enzyme activity was immediately assayed. The residual activities were the values expressed as percent relative to the activity without incubation. () STKER-II incubated at 379 C, (#) STKER-III incubated at 379 C, () STKER-II incubated at 459 C, ($) STKER-III incubated at 459 C. in potassium phosphate buŠer. STKER-II and -III were stable in the pH 7.0 to 10.0 region and pH 5.5 to 9.0 region, respectively. While STKER-II was unstable below pH 6.0 and stable under alkaline conditions, STKER-III was stable in acidic regions and unstable above pH 9.5.
Thermostability
The thermostability of STKER-II and STKER-III was investigated by measuring the residual activity after incubation at 379 C and 459 C as shown in Fig. 3 . Both enzymes retained 50-60z of their activity after 4 days of incubation at 379 C. The stability of STKER-II, STKER-III, and STKER-I were similar under incubation at 379 C. After incubation at high temperature (STKER-II and -III: 459 C, STKER-I: 509 C), STKER-II and STKER-III were deactivated for several hours. However, STKER-I did not lose activity at all for 4 hours at 509 C. 26) Inhibition study The eŠects of a broad range of metal ions, chelators, sulfhydryl-protecting and -inhibiting reagents, and arginine-speciˆc reagents on the activity of the two puriˆed enzymes were investigated (see Table 6 ). Among the sulfhydryl inhibitors tested, p-chloromercurybenzoate and iodoacetic acid inhibited the reducing activity of both enzymes. STKER-II was inhibited by mercury and zinc ion. STKER-III was also inhibited by heavy metal ions, such as manganese, cobalt, nickel, zinc, and mercury. These inhibition patterns indicate an essential sulfhydryl group. Metal ion chelating reagents such as o-phenanthroline, 2,2?-bipyridyl, and EDTA showed no inhibitory eŠects on the acitivities. This suggests that both enzymes do not contain an essential metal ion. Furthermore, arginine-residue-speciˆc reagents such as phenylglyoxal and 1,2-cyclohexanedione (1,2-CHDO) inhibited the activities of both enzymes. This result indicates an essential arginine residue for the catalytic activity.
N-Terminal amino acid sequences
The N-terminal amino acid sequences of three aketo ester reductases, STKER-I (was puriˆed again as described previously 26) ), -II, and -III from S. thermocyaneoviolaceus were analyzed by an automated Edman degradation using a pulsed liquid phase protein sequencer. The sequences of the N-terminal amino acid of STKER-I, -II, and -III were 1 Ala-Thr-HisVal-Ile-Thr-Gly-Ala-Gly- 10 Ser-Gly-Ile-Gly-AlaAla-, 1 Thr -Ser -Val -Glu -Leu -Pro -Glu -Leu -Ser - 10 Gly-Lys-Val-Ala-Leu-Val-, and 1 Met-Lys-Arg- Leu-Val-Thr-Val-Val-Thr- 10 Gly-Gly-Ser-Arg-GlyIle-, respectively as shown in Fig. 4 (the N-terminals of the three enzymes were not blocked). All the enzymes we puriˆed had a consensus sequence (-Gly-X-X-X-Gly-X-Gly-), the putative coenzyme (NAD(P)H) binding site, in the N-terminal regions (underlined). The similarity of each sequence of the three enzymes with those of other proteins was examined by a computer search of the protein sequence databases. Among STKER-I and ProSc, STKER-II and PscoSc, STKER-III and PuoSc, a high homology (92, 92, and 73z, respectively) was observed. These homologous proteins were putative or probable oxidoreductases in the cells of Streptomyces coelicolor A3(2). These results suggest that STKER-I, -II, and -III belong to an oxidoreductase family.
Comparison with other microbial reductases Several a-keto ester-reducing enzymes have been isolated from microorganisms such as Saccharomyces cerevisiae (bakers' yeast) and Candida magnoliae.
19) The enzymatic properties of these enzymes are compared with those of three enzymes in the cells of S. thermocyaneoviolaceus IFO 14271 as shown in Table 7 . Although other enzymes including STKER-II and -III used NADPH as a sole coenzyme, STKER-I utilized both NADPH and NADH as the coenzyme. STKER-I had high a‹nity for ethyl pyruvate among the listed reductases. Furthermore, STKER-I reduced ethyl 3-methyl-2-oxobutanoate to the corresponding (S )-hydroxy ester in excellent e.e. (À99z e.e.). Therefore, STKER-I would be very useful for catalysis of the preparation of ethyl (S )-3-methyl-2-hydroxybutanoate.
STKER-II and -III reduced ethyl 3-methyl-2-oxobutanoate to the corresponding (R )-hydroxy ester with excellent e.e. as did YKER-IV from bakers' yeast.
Finally, we examined the mechanistic interpretation about the stereoselectivity change in the reduction of ethyl 3-methyl-2-oxobutanoate by whole cells of S. thermocyaneoviolaceus IFO 14271. The reduction of ethyl 3-methyl-2-oxobutanoate by the whole cells at 379 C gave the corresponding (R )-hydroxy esters. 23) This result suggests that the substrate was reduced mainly by STKER-II (the lowest K m and the highest Vmax of the three reductases) in the actinomycete cells. However, the stereoselectivity of the actinomycete reduction was low at high temperature. 23) It is presumed that this stereoselectivity change may be attributed to diŠerences in the thermostability of the reductases which contribute to the reduction in the cells, that is, because the thermostability of STKER-I is higher than that of STKER-II and -III, STKER-I contributes to the reduction at high temperature; consequently, the stereoselectivity sifted toward (S )-hydroxy ester production at 559 C. The stereoselectivity change in the reduction of ethyl pyruvate, ethyl benzoylformate, and methyl benzoylformate would be explicable in the same manner.
The isolation of a-keto ester reductase from S. coe-licolor A3(2) and the comparison of enzymatic properties including the N-terminal amino acid sequence of the reductase with those of STKER are now in progress in our laboratory.
